Viral reactivation from latently infected cells has become a promising therapeutic approach to eradicate HIV. Due to the complexity of the viral latency, combinations of efficient and available drugs targeting different pathways of latency are needed. In this work, we evaluated the effect of various combinations of bryostatin-1 (BRY) and novel histone deacetylase inhibitors (HDACIs) on HIV-reactivation and on cellular phenotype. The lymphocyte (J89GFP) or monocyte/macrophage (THP89GFP) latently infected cell lines were treated with BRY, panobinostat (PNB) and romidepsin (RMD) either alone or in combination. Thus, the effect on the viral reactivation was evaluated. We calculated the combination index for each drug combination; the BRY/HDACIs showed a synergistic HIV-reactivation profile in the majority of the combinations tested, whereas non-synergistic effects were observed when PNB was mixed with RMD. Indeed, the 75% effective concentrations of BRY, PNB and RMD were reduced in these combinations.
Several therapeutic interventions to eradicate HIV focus on the stimulation of viral production from latently infected cells. This is followed by a "kill" phase that permits the elimination of infected cells through existing immune responses or cytotoxic drugs under the aim to purge and clear HIV reservoirs. This strategy involves the use of a wide range of small molecules called latency-reversing agents (LRAs) 7 . Such drugs include: (1) histone deacetylase inhibitors (HDACIs) 8, 9 (2) disulfiram, postulated to involve the nuclear factor κ B (NF-κ B) activation 10, 11 (3) bromodomain-containing protein 4 (BRD4) inhibitor JQ1, which elicits effects through positive transcription elongation factor (P-TEFb) 12 and (4) protein kinase C (PKC) activators such as ingenols 13 , prostratin 14 , 1,2-diacylglycerol analogues 15 and bryostatin-1 (BRY) 16, 17 . Not only the interest in these drugs has grown greatly, but also the number of on-going clinical trials about the safety and the effect of LRAs as disruptors of HIV latency have increased. HDACIs are the most advanced HIV-1 anti-latency agents in current clinical testing, mainly due to the synthesis in recent years of novel and more specific pan-HDACIs, such as givinostat, belinostat and panobinostat (PNB) 18, 19 and newly synthesized class I selective HDACIs that include oxamflatin 20 , NCH-51 21 and romidepsin (RMD) 22 . Recently, published results validate the safety and the effect of PNB on HIV expression in patients on suppressive cART in a clinical trial, and postulated this compound as a promising reactivator of HIV viral latency. However, this study reveals that PNB did not reduce the number of latently infected cells and must be combined with other drugs in order to significantly affect the size of HIV reservoirs 23 . Consistent with these results Bullen, C. K., et al. have shown a comparative ex vivo evaluation of different LRAs demonstrating that none of the leading candidate drugs can singly disrupt the latent HIV reservoir. Thereby, the combination of several LRAs can be the best strategy for HIV latency reactivation and precludes possible synergisms 24 . Indeed, some published results described possible synergisms between the classic HDACIs (valproic acid, vorinostat and sodium butyrate) and either prostratin 25 or BRY 26 in HIV expression activation, possibly due to the other role attributed to HDACIs as stimuli promoting NF-κ B activity 27 . Many other combinatorial approaches have been postulated as good strategies to induce the reactivation of latent reservoirs 24, 28, 29 . Therefore, we study the possible synergism between the new promising HDACIs PNB or RMD and BRY as non-carcinogenic PKC activator, in order to reveal new insights in LRA combinatorial strategies that could be useful for future clinical trials design.
Results

Enhanced reactivation profile of bryostatin-1 and HDACIs combinations in latently HIV-1 infected cells.
As an experimentally tractable and relevant model to study post-integration HIV latency and reactivation 30 , we employed J89GFP and THP89GFP, which are respectively lymphocyte and monocyte-derived cell lines latently infected by HIV that carry out a copy of latent EGFP under the control of HIV promoter. The HIV reactivation effect of BRY, PNB and RMD was tested as individual drugs or in combination at different ratios. The election of the ratios was performed taking into account the non-toxic concentration for each drug (BRY: 12.5-50 nM, PNB: 5-40 nM, and RMD: 2.5-20 nM) (see Supplementary Figs S1 and S2 online). After 1 day of exposure, the reactivation effect was measured by flow cytometry and expressed as EGFP (integrated MFI or iMFI, see Supplementary Fig. S3 online). Moreover, flow-cytometry profiles of a representative experiment are depicted in Supplementary Fig. S4 online, showing both cell viability and HIV-reactivation by 7AAD staining and EGFP detection, respectively. Nevertheless, to avoid experimental deviations, results were normalized according to the EGFP expression profile of TNF-α treated cells ( Fig. 1) .
To research the reactivation activity of each individual drug in these HIV latency models, we analysed the dose-effect curves in the two cell lines (see Supplementary Fig. S5 online), and we determined the effective concentration (EC 50 , EC 75 , EC 90 , and EC 95 ) of each drug ( Table 1 ). The effective concentration of the drugs in J89GFP cells was higher than in THP89GFP and BRY. The doses needed to obtain an effective reactivation in J89GFP cells were extremely high (micromolar range), exceeding the commonly used nanomolar range. As shown in Fig. 1 and Supplementary Fig. S3 online, all of the tested combinations containing BRY and HDACIs resulted in a more efficient reactivation profile in either J89GFP and THP89GFP cell lines compared to the effects of the individual drugs. On the contrary, the combination of PNB and RMD, slightly improved the single drug effect.
To evaluate the type of drug interactions, we calculated the combination index (CI) values ( Table 2) . For this purpose, the CalcuSyn software based on the median effect principle was used 31, 32 . The obtained CI values demonstrated the positive interactions between BRY and HDACIs, and synergy was observed for the majority of the BRY+ PNB and BRY+ RMD combinations in both HIV latently infected cell lines. The only exception was the EC 50 values in THP89GFP cell line, which showed non-synergism. Nevertheless, very strong or strong synergistic interactions were observed at higher effective doses. On the other hand, non-synergistic or additive effects were observed when PNB was mixed with RMD. Since enhanced reactivation effects and generally synergistic profiles were observed when BRY was combined with the HDACIs, the use of both HDACIs must be challenged for future utilization. Consequently, even though slight or no synergism was observed between PNB and RMD, we wondered whether the triple combination BRY+ PNB+ RMD could render a positive interaction. The ratios assessed in the double combinations were maintained, resulting in two different triple combination ratios 2.5:2:1 and 5:2:1. As depicted in Table 3 , a potent synergistic profile (CI values between 0.22-0.76) was found at calculated EC 50 , EC 75 , EC 90 , and EC 95 for both ratios in J89GFP cells, whereas a moderate to strong synergistic effect Scientific RepoRts | 5:16445 | DOI: 10.1038/srep16445
(CI values between 0.4-0.84) tended to appear only at the highest calculated effective doses (EC 90 , and EC 95 ) in THP89GFP cells. Summing up, we demonstrated that BRY is highly efficient in combination with HDACIs and that PNB and RMD can be used efficiently when mixed with BRY to reactivate HIV from latency in our cell line models. we analysed their implications in terms of effective concentration. Based on the in vitro results, the CalcuSyn software permits to determine the dose-reduction-index of each drug 32, 33 . Therefore, the effective concentration of each single drug when combined with others can be predicted. We first analysed the reactivation effect of the two-drug combinations containing BRY+ PNB, BRY+ RMD and PNB+ RMD. All the evaluated combinations achieved a statistically significant reduction in the EC 75 values, as compared with the EC 75 values for each individual drug, in both J89GFP ( Fig. 2 ) and THP89GFP (Table 4 ) cell lines. For example, BRY alone reactivated HIV expression in J89GFP cells with an average EC 75 of 2,020 nM ( Fig. 2) , meanwhile the combination of BRY and PNB (ratio 2.5:2) or RMD (ratio 2.5:1) reactivated latent HIV with an average EC 75 of 24.81 or 19.53 nM, respectively. Therefore, to achieve the same level of HIV reactivation, 80-and 100-fold less concentration of BRY in combination with PNB and RMD respectively was needed, when comparing the effect of BRY as a single drug. The EC 75 of PNB and RMD were also reduced in these combinations, showing an average of 4-fold decrease in the concentrations used. In addition, the EC 75 of each drug in the triple combination BRY:PNB:RMD (at 5:2:1 ratio), reached very similar EC 75 Table 4 ).
Reduction of effective concentration values when bryostatin
Effect of BRY, PNB and/or RMD combinations on primary human T cells phenotype. BRY
has been previously reported to be potentially associated with uncontrolled T cell activation at concentrations required for efficient HIV reactivation. In this study, we described that BRY, PNB and/or RMD combinations showed a strong synergism in the reversion of latency in J89GFP cells (Tables 2 and 3) and that the EC values of each drug diminished significantly in the combinations in comparison with single drug treatment (Fig. 2) . We analysed if the lower EC 75 doses achieved in these LRA combinations could improve the effect of single drug treatment at their EC 75 in terms of viability, activation and proliferation profile in primary T cells. We selected the combination ratio 2.5:2:1 (BRY:PNB:RMD), since it achieves lower BRY EC 75 values, approximately 25 nM in J89GFP cell line (Fig. 2) . Isolated primary human CD4 T cells were treated with the double or triple combinations (BRY 25 nM, PNB 20 nM and/or RMD 10 nM) or with the single drugs at their calculated EC 75 values (PNB 80 nM, RMD 20 nM) or with the maximal non-toxic concentration (BRY 200 nM, ten-fold below of its EC 75 dose). PHA or PMA/ionomycin, which are stimuli that uniformly reactivate latent HIV in almost all the systems previously tested were used as controls 24, 34 . Either one or three days after CD4 T cell treatment, we determined the cell viability and the activation profile by flow cytometry. Cell proliferation was measured by ELISA by BrdU incorporation. Cell death was analysed by 7AAD incorporation by flow cytometry (Fig. 3a) . A good cell viability was observed one day post-treatment, whereas it was compromised at day three in BRY+ RMD, PNB+ RMD and BRY+ PNB+ RMD combinations, probably due to the effect of RMD, plausible since the highest concentration of BRY or the combination BRY+ PNB presented values over 80% of cell viability.
The effects on T cell activation after BRY, PNB and/or RMD exposure were analysed by measuring the iMFI of CD38 and CD69 activation markers in living cells (Fig. 3b ). As expected, CD69 expression was markedly increased and sustained over three days, in CD4 T cells treated with BRY, either alone or in combination with PNB and/or RMD. It is well known that BRY activates NF-κ B pathway and that CD69 gene presents three NF-κ B binding sites in its promoter region 35 . On the other hand, CD38 expression was slightly increased in CD4 T cells treated with BRY, either alone or in combination with PNB and/ or RMD, but presented levels between 2 and 4 times lower compared to the conventional PHA or PMA/ ionomycin treatments.
Representative flow cytometry profiles of CD4 T cell viability and activation markers expression are shown in Supplementary Fig. S6 online. Finally, cell proliferation was measured on CD4 T cells. Figure 3c shows that the treatment with the LRAs at the maximum concentrations tested produced a 1.5 to 2-fold increase in cell proliferation after three days of treatment, values consistently lower than those obtained after PHA or PMA/ionomycin treatment. Furthermore, the double or triple BRY, PNB and/or RMD combinations diminished the effect of single drugs, presenting proliferation values of non-treated cells.
Discussion
The persistence of HIV-1 involves numerous overlapping cellular pathways, which are interesting from the pharmacological point of view. Thus, targeting multiple steps within the virus latency mechanisms will be important to optimize the reactivation effect and hence permitting the elimination of HIV reservoirs trace.
In a recent study exploring a panel of HDACIs for HIV reactivation, were an in vitro latency assay was used, PNB displayed superior potency to multiple other HDACIs tested including givinostat, belinostat and vorinostat 28 . Moreover, has already been described 33 the great ability of RMD to reverse HIV latency in vitro and ex vivo in resting and memory CD4 T cells from HIV-infected patients on suppressive cART, in comparison with vorinostat and other HDACIs currently in clinical development. BRY has also be remarked as the best effective single agent between a battery of LRAs that disrupt the latent reservoir 24 . Furthermore, the synergy between prostratin 25 or BRY 26 and classical HDACIs has been previously described. Nevertheless, the treatment with HDACIs has been shown to mobilize the latent reservoir but could have unintended negative impacts on the effector functions of CTL, thus impairing elimination of infected cells 36, 37 . In addition, the administration of PNB and BRY to patients has been questioned due to significant toxicity levels observed in cell lines and resting CD4 T cells 38 . Finally, low concentrations of PKC agonists regulate a different set of genes compared to high concentrations of these compounds, which may have clinical implications in terms of potential side effects mediated by the activation of the NF-κ B canonical pathway (Muñoz et al., manuscript in preparation). Therefore, a combinatorial strategy can lead to a reduction in the concentration of LRAs used in vivo, resulting in a reduction of adverse effects, limiting the local injuries, the toxicity and the inflammation.
As mentioned above, PNB, RMD and BRY presented a good reactivation activity both in vitro and ex vivo and are currently used in HIV eradication clinical trials 23, 39, 40 . To attack HIV latency through HDAC inhibition and NF-κ B activation either at epigenetic and transcriptional levels respectively, we studied the possible synergism between these compounds. Such study could bring new insights about the possibility of reactivating virus transcription either with high efficiency and the lowest concentration possible in order to reduce their potential toxicities. For this purpose, we have employed J89GFP and THP89GFP cell lines to explore the impact of PNB and/or RMD in combination with BRY. Although J89GFP and THP89GFP cell lines are not frequently used to assess LRAs [41] [42] [43] [44] [45] [46] [47] , their exclusive characteristics make from them an experimentally tractable and relevant model to study post-integration HIV latency and reactivation 30 . Nevertheless, to confirm the results obtained in these cell lines, we have performed a reactivation experiment with BRY, PNB, RMD and the drug combinations selected for primary cells treatment in another two different well-established latency-models, such as ACH-2 and J1.1 cell lines. The obtained data are in concordance to those exposed in this article and are shown in Supplementary Figs S7 and S8 online, which represent cell toxicity (measured by MTT assay) and HIV reactivation (Ag p24 in cell supernatants measured by ELISA), respectively.
All of the tested combinations containing BRY and HDACIs resulted in a more efficient reactivation profile in both the J89GFP and THP89GFP cell lines compared to the effects of the individual drugs. Indeed, the obtained CI values demonstrated synergism between BRY and HDACIs in both HIV latently infected cell lines, whereas slight or no synergism was observed between PNB and RMD. Since both drugs target HDAC, their use in combination could be inducing a competition between them, resulting in an inefficient anti-latency mechanism. On the other hand, the statistically significant reduction in the effective dose values of drugs in combination, as compared to each individual drug, suggested that this kind of combinatorial approach could achieve a strong mobilization of latent reservoirs while diminish side effects.
CD4 T cells are one of the main subsets of cells in which HIV latency is established, and the activation state of this cell type is pivotal for active HIV production. Therefore, the level of phenotype changes in primary human CD4 T cells was assessed after BRY, PNB and/or RMD treatment. We did comparisons between the EC 75 doses achieved in drug combinations and the EC 75 of single drugs. High cell viability was observed at day one post-treatment, whereas it was compromised at day three in BRY+ RMD, PNB+ RMD and BRY+ PNB+ RMD combinations. Since PNB induces prolonged histone hyper acetylation 48 , pulses instead of continuous treatment or intermittent dosing schedules should be evaluated. In terms of cell activation, we found that none of the combinations augmented the activation effect of the single drugs at their EC 75 values, and that double or triple BRY, PNB and/or RMD combinations presented similar proliferation values to non-treated cells, diminishing the effect of single drugs at their EC 75 value.
Although administered within the context of cART, the infection of bystander cells remains a concern in a "shock and kill" therapeutic approach. Both HDACIs and BRY may have a negative impact in this aspect, due to their effect on CTL impairment or T cell activation, respectively. On the contrary, these Scientific RepoRts | 5:16445 | DOI: 10.1038/srep16445 compounds also have a positive impact on HIV inhibition: among other HDACIs, PNB and RMD enable the decrease of HIV release from macrophages via the degradation of intracellular HIV through the canonical autophagy pathway 49 and BRY is able to inhibit acute HIV infection by diminishing surface expression of receptors and co-receptors or in a receptor independent manner 16 .
We are aware that the main limitation of this study is the use of an in vitro cell latency model. The rarity of resting CD4 T cells latently infected makes this type of study challenging. Moreover, it has been remarked the discordance between the effects of non-stimulating LRAs in in vitro models of HIV latency and their effects in ex vivo in resting CD4 T cells from infected individuals on cART. This data indicates that these models do not fully capture all the mechanisms governing HIV latency in vivo. In fact, based on the screening depicted in this article, further efforts should be carried out in ex vivo models in order to find the most appropriate concentrations of these combinations, particularly before any further in vivo studies. On the other hand, the assays presented herein facilitated that is to our knowledge the first in vitro quantitative synergistic evaluation of candidate LRAs administered in combination in both lymphocyte and monocyte/macrophage HIV latently infected lineages.
Methods
Reagents. PE-conjugated anti-human CD69 and FITC-conjugated anti-human CD38 were obtained from BD Biosciences Pharmigen (San Diego, CA, USA). BRY was obtained from Sigma-Aldrich (St. Louis, MO, USA), PNB and RMD were obtained from Selleck Chemicals (Houston, TX). Drugs were dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) to prepare stock solutions. DMSO concentration in cell cultures was lower than 0.001%. TNF-α was obtained from R&D Systems (Minneapolis, Minn.). PhytohemaGglutinin (PHA), phorbol 12-myristate 13-acetate (PMA) and ionomycin were purchased from Sigma-Aldrich.
Cell lines and culture. J89GFP and THP89GFP cell lines (kindly donated by Dr. David N Levy, NYU, USA) were maintained according to the protocol described in 30 . ACH-2 and J1.1 cells were obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH from Dr. Thomas Folks 45, 50, 51 . Buffy coats from healthy subjects were obtained from the Madrid Transfusion Center. CD4 T cells were purified by negative immunomagnetic separation (CD4+ T Cell Isolation Kit; Miltenyi Biotech, Friedrich, Germany) from peripheral blood mononuclear cells (PBMCs) isolated from heparinised venous blood by fycoll-paque density gradient and maintained in complete RPMI supplemented with 30 U/ml IL2 (Murex Biotech, England, UK) 52 .
Cell viability assays. The concentration range of each compound assayed in this study is in agreement with previously published results 26, 28 . The toxicity of compounds was measured by MTT (Sigma-Aldrich) assay according to the manufacturer's instructions in J89GFP and THP89GFP cell lines. 0.001% DMSO treated cells were included in each experiment as vehicle control (Ct); DMSO (10%) was used as positive control of cytotoxicity. Cell death in J89GFP, THP89GFP and primary human CD4 T cells was also determined by 7-aminoactinomicyn-D (7AAD) intercalation and analysed in a Gallios flow-cytometer (Beckman-Coulter, CA, USA). Results were expressed as row data or normalized to control vehicle-treated cells as depicted in each figure.
Analysis of cell activation profile. Cells were stained for 30 minutes at 4°C with the corresponding conjugated antibodies in FACS staining buffer (phosphate-buffered saline (PBS) with 2% FBS), and surface activation markers expression was analysed in live cells in a Gallios flow-cytometer (Beckman-Coulter). At least 50,000 CD4 T cells were collected for each sample and analysed with Kaluza software (Beckman-Coulter). Results were normalized to control vehicle-treated CD4 T cells from the same donors.
Latent HIV-1 reactivation. EGFP-fluorescence pattern measured by flow cytometry was used to determine viral reactivation in J89GFP and THP89GFP cell lines. Whereas Agp24 release measured by enzyme immunosorbent assay (ELISA, INNOTEST ® HIV-Antigen mAb, Innogenetics, Belgium) was used to determine viral reactivation in ACH-2 and J1.1 cells. J89GFP and THP89GFP cells were stimulated with the indicated compounds and stained with 7AAD to assess cell viability. At least 30,000 cells were analysed by flow cytometry. The integrated mean fluorescence intensity (iMFI, percentage of EGFP expressing cells * MFI) of live cells was used as a measure of HIV reactivation and standardized with the reactivation obtained after TNF-α treatment. The 50%, 75%, 90% and 95% effective concentrations (EC 50 , EC 75 , EC 90 and EC 95 , respectively) were determined, and synergism analysis was performed using the CalcuSyn software (Biosoft, Cambridge, UK), based on the median effect principle 33 . The combination index (CI) of each drug combination was plotted as a function of the fractional inhibition by computer simulation; the fractional inhibition values ranged from 0.10-0.95. CI values between 0.1-0.9 indicate a synergistic effect; whereas, values between 0.9-1.1 represent an additive effect, and >1.1 represents antagonism. Each experiment was performed in triplicate.
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Cell proliferation assays. CD4 T cell proliferation was assayed by using the bromodeoxyuridin (BrdU) Cell Proliferation Kit (Chemicon, Millipore, MA, USA) according to the manufacturer's instructions. PHA (2 μ g/ml) or PMA (2.5 ng/ml) plus ionomycin (250 ng/ml), which are stimuli that uniformly reactivate latent HIV in almost all the systems previously tested 24, 34 were used as controls. Cell proliferation assays were performed in triplicate.
Statistics.
Statistical analysis was performed using SpSS software version 15.0 for Windows.
Differences between two groups (control versus different dosages of compounds or BRY-treated versus combined HDACIs and BRY treatment) were assessed by using a paired t-test. (*p < 0.05; **p < 0.005; ***p < 0.001).
